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Introduction {#sec1}
============

In all organisms, developmental processes continue throughout life, overlapping with signs of aging. Many organs maintain stem cell niches after having reached maturation, in which mitotic activity allows for the generation of new differentiated cells. However, the frequency of mitotic activity slowly decreases. Levels of quiescence and cell-cycle entry change following mechanisms that are incompletely understood. This regulation of adult stem cells\' quiescence or cell cycle, important both for the unwanted occurrence of cancers and for the desired repair of damaged tissues, remains a fundamental problem in biology.

In vertebrate brains, neural stem cells (NSCs) remain present in defined areas and give rise to new neuronal cells throughout life, albeit in a declining manner. In mammals, well-studied areas are the subependymal/subventricular zone (SVZ) lining the lateral ventricle, giving rise to neuronal cells populating the olfactory bulb as well as the prefrontal cortex in juvenile humans ([@bib45]), the subgranular zone (SGZ) of the hippocampal formation, generating new granule neurons in the dentate gyrus ([@bib27]), as well as the hypothalamus ([@bib58]). The NSCs of these areas display similar morphologies, being tanycytes in the hypothalamus, radial glia in the dentate gyrus of the hippocampus, and radial-shaped astrocytes in the SVZ ([@bib14], [@bib24], [@bib47]). A special feature of the SVZ is the mixture of radial astrocytes with ependymal cells ([@bib50]), the latter being recruited only in case of injury ([@bib12]).

Several parameters influencing the recruitment into the cell cycle of NSCs have been defined: growth factors, cell-adhesion molecules and the extracellular matrix, contact with blood vessels, cerebrospinal fluid, and metabolism ([@bib27], [@bib45], [@bib57]). As aging progresses, the fraction of mitotically active NSCs declines ([@bib11], [@bib41]). Several mechanisms of cell-intrinsic and cell-extrinsic nature, leading to this overall reduction of activity of NSCs, have been revealed. Stem cells have been shown to divide only a limited number of times in the dentate gyrus ([@bib23]) and reveal signs of depletion in the SVZ too ([@bib10]). Progressive lengthening of the G~1~ phase of NSCs might be a factor for their less frequent recruitment ([@bib18], [@bib17]). The milieu has also been shown to play a role in parabiosis experiments, exchanging the lymphatic system of young and old mice ([@bib65]). The levels of distinct growth factors progressively change with age: insulin-like growth factor 1 (IGF1), fibroblast growth factor (FGF), and vascular endothelial growth factor decline in the dentate gyrus ([@bib34], [@bib61]). The immediate surrounding niche, made of the neighboring cells and the extracellular matrix, known to play a role in stem cell activity ([@bib39], [@bib55]), might also be subjected to age-related changes influencing mitotic activity ([@bib67]). A clear picture to explain the individual behaviors within stem cell populations is nevertheless missing.

In the adult zebrafish brain, transcription factors homologous to their mammalian counterparts are at play in the neurogenic process ([@bib19]), making it a valid comparative vertebrate model organism. Moreover, it presents the advantage of a broader neurogenic activity within all brain regions and a high regenerative potential ([@bib3], [@bib7], [@bib28]). The radial glia in zebrafish display similar features to those of the NCSs of the mammalian neurogenic areas. Their somata are in immediate contact with the ventricles, they express the intermediate filaments glial fibrillary acidic protein (GFAP), Nestin, and Vimentin, and generate new neurons and glial cells ([@bib40], [@bib59]). Their transitions back and forth between quiescence and cell cycle have been shown by long-term bromodeoxyuridine tracing and by Notch blocking experiments ([@bib15], [@bib49]). Whether every cell or only a subpopulation enter the cell cycle regularly remains uncertain ([@bib20]). The radial glia might give rise to newly born neurons through a direct conversion process without an immediately preceding mitosis ([@bib5]). Additionally, progenitors without GFAP expression are also present in close proximity to the somata of the radial glia and are considered intermediate progenitors, even if similar cells organized in pools function as stem cells in other regions of the brain ([@bib25], [@bib36], [@bib37], [@bib64]).

In addition to the abundance of NSCs, a major advantage of the zebrafish brain is the architecture of its pallium (dorsal telencephalon), where the ventricular surface opens on the outside instead of enclosing a lumen, due to an eversion process during embryonic development ([@bib66]), thus becoming accessible to imaging or manipulations ([@bib5], [@bib20]).

We made use of this architecture to isolate the proteins present in an intact population of NSCs. As this cell population reveals an age-related increase of quiescent cells ([@bib21]), we identified the surface proteome of the young and old ventricular zone to obtain sets of proteins likely implicated in the intercellular communication and in the regulation of cell cycle and quiescence. We focused on two aspects of the dataset. The significant over-representation of filopodial and lamellipodial protein components allowed us to discern new morphological features of NSCs. Furthermore, age-related changes revealed a decline in IGF1-receptor (IGF1R) expression, observed by both mass spectrometry and immunochemistry of the phosphorylated IGF receptor. This decrease was measurable by an altered response to the ligand IGF2b, able to induce complete cell divisions in young, but not in aged animals.

Results {#sec2}
=======

Identifying the Proteome of Neural Stem Cell Surfaces in Intact Brains {#sec2.1}
----------------------------------------------------------------------

The closest contacts between the radial glia are at the level of their cell bodies, adjacent to the brain ventricle. With the aim of defining signaling pathways putatively implicated in their intercellular communication, we designed an approach to isolate all proteins present on the cell bodies in a native configuration of freshly isolated brains. The biotinylation protocol allowed the binding of biotin to the proteins expressed on the surface of the radial glia ([Figures 1](#fig1){ref-type="fig"}A--1C). We tested two different protocols of biotinylation, based on either covalent coupling to glycosyl side chains or covalent coupling to free amino groups of the proteins. We observed a systematic bias toward increased expression levels in old brains with the glycosylation-dependent biotinylation ([Figure S1](#mmc1){ref-type="supplementary-material"}A), which might indicate age-dependent altered total glycosylation levels. While the majority of proteins identified by the glycosylation-dependent biotinylation was also identified by the direct amino acid binding biotinylation ([Figure S1](#mmc1){ref-type="supplementary-material"}B), we obtained a higher number of proteins with the latter protocol, and concentrated our further analysis on those results. Three replicates of 6--7 brains (2-year-old and 4-month-old, respectively) were prepared in parallel. To verify the localization of biotin anchoring, we fixed two brains and incubated them with streptavidin-AlexaFluor 555. Both young and old brains revealed a specific surface anchorage of biotin with a minor penetration below the row of radial glia ([Figures 1](#fig1){ref-type="fig"}D--1I), indicating the validity of the method. After biotinylation, brains were dissected into pallium and subpallium ([Figure 1](#fig1){ref-type="fig"}B) in order to separate the apical part of the radial glia located on the dorsal surface, where we expect cell-to-cell communication to take place, from their basal endfeet located on the ventral pial surface. After tissue lysis, biotinylated proteins were bound to streptavidin beads, proteolyzed, and analyzed by mass spectrometry. The non-biotinylated proteins, representing the remaining material of the telencephalon ([Figure 1](#fig1){ref-type="fig"}C, lysate fraction) were also analyzed by mass spectrometry. We compared the results obtained by this approach, with proteins from sorted radial glia of the telencephalon of *gfap*:GFP transgenic fish (fluorescence-activated cell sorting \[FACS\] scatterplots in are shown in [Figures S2](#mmc1){ref-type="supplementary-material"}A--S2F and [1](#fig1){ref-type="fig"}J). These experiments revealed consistent clustering of the GFP-positive and GFP-negative fractions by principal component analysis ([Figure S2](#mmc1){ref-type="supplementary-material"}G), and an even distribution of proteins respectively up- and downregulated ([Figure S2](#mmc1){ref-type="supplementary-material"}H). The set of proteins enriched in the GFP-positive fraction contained expected proteins known to be expressed by radial glia (GFP, GFAP, S100β, FABP7a/BLBP, Vimentin) ([@bib26], [@bib49]) while the GFP-negative fraction was enriched in proteins present on differentiated neurons (Elavl3/HuC, Elavl4/HuD) ([@bib1], [@bib29]) ([Figure 1](#fig1){ref-type="fig"}K). A high number of proteins in the biotinylated fraction was not present in the FACS-GFP-positive cells, which might be due to a loss of proteins during the enzymatic dissociation of the cells. Conversely, a large proportion (79.3%) of the proteins isolated from the FACS-GFP-positive cells were also identified in the biotinylated fraction ([Figure 1](#fig1){ref-type="fig"}L). According to our experimental design, this overlap is expected to be incomplete, as FACS-sorted cells contain in addition to plasma membrane the whole cytosolic fraction of radial glia ([Figure 1](#fig1){ref-type="fig"}C). GeneRanker analysis of the FACS-GFP-positive fraction revealed over-representation of the insulin pathway, cannabinoid receptor 1 pathway, glial cell line-derived neurotrophic factor (GDNF) and platelet-derived growth factor receptor β (PDGFRβ) signaling pathways ([Table S1](#mmc1){ref-type="supplementary-material"}A). While sorting cells by FACS allows for the analysis of the whole content of proteins in a certain cellular type, the advantage of the biotinylation approach was to isolate proteins of intact, non-dissociated cells.Figure 1Proteome Identification(A) The biotinylation reaction was performed on freshly isolated brains. The yellow line depicts the location of the cross-section shown in (B).(B) Cross-section through the telencephalon of a zebrafish. Biotinylated surfaces are depicted as magenta dots. The upper surface of the pallium borders the ventricle, located below the tela choroidea (white arrow) and is composed of the cell somata of the radial glia (depicted in green in the inset). The midline between both hemispheres is also filled by a thin part of the ventricle. After the biotinylation reaction, telencephalons were separated into the dorsal part (pallium) and ventral part (subpallium).(C) Drawing of the fractions isolated by FACS and by biotinylation, depicting in green the radial glia, in dark blue the remaining cells of the telencephalon, in magenta the biotinylated fraction containing the cell surfaces of the radial glia, and in light blue the lysate fraction containing the remainder of these cells as well as the rest of the telencephalon.(D--I) Histochemistry on cross-sections with streptavidin coupled to AlexaFluor 555 after biotinylation of the brain, revealing the expected binding of biotin on the cell surfaces in young (D--F) and old (G--I) brains.(J) Cells of the GFP-positive and -negative fraction plated directly after the sorting; nuclei are stained by DAPI.(K) Known proteins isolated on FACS-sorted radial glia.(L) The overlaps between the surface fraction, lysate fraction, and GFP-positive fraction are represented. The majority (79.3%) of proteins identified in the FACS-GFP-positive fraction were also found in the biotinylated fraction.(M) Identified proteins were categorized according to the presence of signal peptides and transmembrane domains, revealing an enrichment of plasma membrane proteins in the biotinylated fraction compared with the lysate and to the FACS-retrieved proteins.Scale bars, 100 μm (B and I) and 10 μm (J).

Phobius analysis was used to assess the proportion of proteins with transmembrane domains and signal peptides ([Figure 1](#fig1){ref-type="fig"}M). The surface biotinylation technique led to a protein set enriched in membrane proteins compared with the lysate fraction and the FACS-sorted cells fraction. Of the proteins listed in the Genomatix Pathway System, 645 belong to the plasma membrane, 51 are localized in the cell cortex, 145 are cytoskeletal binding proteins, and 43 are cell-adhesion molecule binding proteins.

Taken together, comparison of the datasets obtained from sorted radial glia, biotinylated surface fraction, and the non-biotinylated lysate of the telencephalon (for original dataset files see [Table S6](#mmc2){ref-type="supplementary-material"}) indicate that the biotinylation approach specifically isolates proteins expressed on the surface of the stem cell compartment.

Identified Proteins Indicate an Epithelial Character and Display a Group Associated with Lamellipodia and Filopodia {#sec2.2}
-------------------------------------------------------------------------------------------------------------------

The radial glia, as opposed to embryonic neuroepithelial cells, do not form a columnar epithelium, but their somata are cone-shaped and are connected laterally to each other only by a thin apical junctional region. Their highly branched radial processes extend far into the parenchyme. Considering this morphology, it is interesting to define to which extent these cells reveal an epithelial character. In the list of identified surface proteins, members with specific apicobasal localizations appeared ([Table 1](#tbl1){ref-type="table"}). For instance, proteins involved in formation of tight junctions (i.e., Discs large 1 and 3, Junctional Adhesion Molecule 3, Metadherin, Striatin, Ankyrin3) and in cell-cell adherens junctions (i.e., Dystroglycan 1, N-Cadherin, Catenin-β1, -α1, and -α2, Desmoplakin) were identified ([Table 1](#tbl1){ref-type="table"}). Therefore, even if this adult ventricular surface on the dorsal pallium is classically not considered as a neuroepithelium, these cells that pave the whole ventricular surface express epithelial marker proteins.Table 1Biotinylated Fraction: Proteins Indicating the Epithelial Character of the Radial Glia and Proteins Associated with Filopodia and Lamellipodia**Cell-Cell Adherens Junctions**\
p value: 1.23 × 10^−3^\
No. of genes (observed): 13\
No. of genes (expected): 5.09\
No. of genes (total): 54CDH2, ACTN1, DSP, FLOT1, CTNNB1, DAG1, CADM4, NDRG1, FLOT2, CTNNA1, GJA1, CADM1, CTNNA2**Bicellular tight junctions**\
p value: 7.60 × 10^−3^\
No. of genes (observed): 19\
No. of genes (expected): 10.5\
No. of genes (total): 111ANK3, DLG3, RAP2B, CTNNB1, CXADR, MAGI1, TBCD, AOC1, STRN, FZD5, MTDH, ADCYAP1R1, RAP2C, VAPA, RAPGEF2, LIN7A, JAM3, DLG1, LIN7C**Gap junctions**CX43;\
+FACS dataset: Cx28.8**Apical plasma membrane**\
p value: 8.38 × 10^−3^\
No. of genes (observed): 40\
No. of genes (expected): 27.2\
No. of genes (total): 288AP2A1, CDH2, FLOT1, CD81, ANO1, CLCN3, BMPR2, TF, ATP2B1, PRKAA1, FLOT2, SHANK2, ATP1B1, MTDH, ATP6V1E1, PDGFRB, ATP6V0D1, CNTFR, TMEM30A, GJA1, GNAT3, RAB14, CD36, STXBP3, ATP6V1A, RAB27B, RAPGEF2, NOD1, KCNA1, SORBS2, PTPRO, PTEN, ATP8B1, CSPG4, FZD3, PTK2, KCNN4, SEPT7, ITPK1, SLC7A5**Basolateral plasma membrane**\
p value: 5.27 × 10^−6^\
No. of genes (observed): 41\
No. of genes (expected): 19.8\
No. of genes (total): 210ENPP1, SLC4A4, AP2A1, CDH2, ANK3, DLG3, DSP, FLOT1, SLC12A6, SLC38A3, CTNNB1, CXADR, NDRG4, DAG1, BMPR2, TF, ATP2B1, FLOT2, ATP1B1, CNNM2, PALM, CADM1, ARRB1, STXBP3, ERBB4, ANK1, NOD1, MPZ, LIN7A, CTNNA2, HEPH, DLG2, ARRB2, SLC1A3, DLG4, ANXA2, CASK, DLG1, KCNN4, LIN7C, EGFR**Filopodium formation (integrin signaling)**\
p value: 2.01 × 10^−2^\
No. of genes (observed): 27\
No. of genes (expected): 18.3\
No. of genes (total): 123BCAN, SMC3, ITGAV, GPC1, LAMB3, GPC4, RAP1B, COL4A1, COL1A1, BRAF, CDC42, TLN1, MAPK1, DOCK3, ITGB5, AGRN, SHC3, TLN2, ITGB7, ITGB2, KRAS, MAP2K1, DOCK10, ITGB4, COL15A1, PTK2, GRB2\
Y-branching of filopodia:\
ACTR2, NCKAP1, CDC42, ARPC3, ARPC2, PSMA7, RAC1**Lamellipodium**\
p value: 1.74 × 10^−7^\
No. of genes (observed): 39\
No. of genes (expected): 16.2\
No. of genes (total): 172MYH10, RAC2, RUFY3, CDH2, FLOT1, ITGAV, CTNNB1, NCKAP1, SLC39A6, PPP1R9A, DAG1, FERMT2, FGD1, FLOT2, CTTN, ARPC3, GSN, CTNNA1, FSCN1, PPP1R9B, CDK5, APP, DPYSL3, SORBS2, CTNNA2, BRK1, CORO1A, ENAH, NRBP1, PTPRO, DBNL, CSPG4, PTK2, ITSN1, CARMIL2, SRCIN1, ABI2, DGKZ, PTPRZ1

We observed a group of proteins involved in filopodia and lamellipodia formation ([Table 1](#tbl1){ref-type="table"}), such as CDC42, RAC1 and -2, DOCK 3 and 10, Integrin α 5β2 and β7, RUFY3, BRK1, Formin-like 3, and Fascin 1a and 1b. The high ramification of radial glia in the parenchyme (inset in [Figure 2](#fig2){ref-type="fig"}C) might explain this finding. However, as the biotinylation was specifically targeting the apical surface and could not reach the deep processes, we wondered whether filopodia are present apically. Indeed, different expression levels occurred predominantly between the ventral and dorsal domains of the telencephalon ([Figure 2](#fig2){ref-type="fig"}A). We performed morphological analyses of single cells by lipofections *in vivo*, using either a combination of two plasmids (EF1α: Gal4 and UAS: mtdTomato) or a single plasmid (pCS2-Lifeact-RFP) highlighting F-actin, to label the membrane of a few scattered cells. The infusion of the lipofection mix into the brain ventricle led in all cases to an exclusive expression in the radial glia ([Figures 2](#fig2){ref-type="fig"}B--2D, yellow arrows). We took serial confocal pictures to obtain z stacks of whole-mount brains with mtdTomato membrane staining. Lamellipodia were observed in some cells that overlapped with the apical surface of a neighboring cell ([Figures 2](#fig2){ref-type="fig"}E--2G). In the majority of analyzed cells, we identified at least one filopodium-like extension. The extension was either extending apically along borders between two cells ([Figures 2](#fig2){ref-type="fig"}H--2J), reaching the second next cell, or extending from the basolateral cell surface and reaching apical locations of neighboring cells, furthest to the fourth *gfap*:GFP-positive cell ([Figures 2](#fig2){ref-type="fig"}K--2P). We used a Lifeact construct and analyzed 23 cells from 3 sectioned brains. The cellular extensions contained Lifeact labeling, revealing the presence of F-actin ([Figures 2](#fig2){ref-type="fig"}Q--2S). Co-lipofections of Lyn-GFP and Lifeact-RFP plasmids showed that the cellular extensions could be distinct in their composition, as a few of them were not labeled by Lifeact ([Figures 2](#fig2){ref-type="fig"}T--2V′).Figure 2Proteins Associated with Lamellipodia and Filopodia, Detected in Apical and Basolateral Locations of the Radial Glia(A) Hierarchical clustering for proteins associated with lamellipodia and filopodia, revealing that some of them display age-related changes.(B--V′) Lipofections *in vivo* were performed and imaged after fixation as whole-mount preparations or as sections (Q--S). (B--D) Overview of one telencephalic hemisphere visualized from the top onto the dorsal surface as a maximum-intensity projection. (B) Cell bodies of the radial glia are labeled by the gfap:GFP transgene. (C) A small, variable number of cells per brain were labeled by the *in vivo* lipofection (maximum 12 cells per brain); their somata and branched radial processes into the parenchyme are visible (inset is a higher magnification), revealing the soma at the top (apical side) and the radial process in the parenchyme with numerous branches. All lipofected cells displayed this radial process, but it is not visible on all pictures. (D) Merged channels. (E--G) Apical surface of one radial glia, viewed from the top, depicting the existence of lamellipodia extending laterally (arrow in F and G). (H--J) Apical surface of one radial glia, depicting the existence of filopodia (arrow in I and J). (K--M) Filopodia are also extending from the basolateral cell surface toward apical locations on neighboring cells (arrow in L and M). (N--P) The longest filopodia span below 4 cell diameters. (Q--S) lipofection with Lifeact-RFP also reveals basolateral extensions (arrows in R and S). (T--V) Apical view on a cell co-lipofected with the membrane-localized Lyn-GFP (T) and the F-actin localized Lifeact-RFP (U) revealing the presence of filopodial extensions with F-actin (yellow arrows) or without (white arrow). (V′) Lateral view of the same cell. Green lines in (K), (N), and (Q) depict the ventricular surface. Scale bars, 100 μm (D) and 10 μm (G, J, M, P, S, and V).

Since the mass spectrometric analysis showed some differences with age in the expression levels of some filopodia-associated proteins, such as the downregulated Neuroligin 1 and FARP1, and the upregulated Flotillin 2, Gelsolin, Talin 2, and Src kinase signaling inhibitor 1 ([Figure 2](#fig2){ref-type="fig"}A), we compared morphologies and performed measurements of length and number of filopodia on 16 young (3-month-old) and 26 old (2-year-old) mtdTomato-labeled cells ([Figure S3](#mmc1){ref-type="supplementary-material"}). Neither the mean size of these extensions, nor their numbers, varied significantly between young and old brains ([Figures S3](#mmc1){ref-type="supplementary-material"}J--S3K). Nevertheless, possible structural alterations might exist and will need to be examined in future studies.

Together, these results reveal cellular extensions between the cell bodies of NSCs, which might promote cell-to-cell communication ranging up to 4 cells apart.

Signaling Pathways Active in the Surface Fraction {#sec2.3}
-------------------------------------------------

Besides a possible communication via filopodial extensions, other candidates might relay intercellular signals, such as the gap-junction protein Cx 43, or Cx 28.8 identified in the GFP-positive FACS fraction. We further identified a high number of proteins (557) associated with extracellular exosomes that might convey signals.

We examined pathways significantly overrepresented on the dorsal versus ventral side of the telencephalon, hence likely involved in the communication at the apical location of the radial glia. GeneRanker analysis revealed among others the planar cell polarity, brain-derived growth factor, Semaphorin, and Eph receptor pathways ([Table S2](#mmc1){ref-type="supplementary-material"}).

Cell-surface receptors and their differential expression are listed in [Figure S4](#mmc1){ref-type="supplementary-material"}A. We identified, for instance, Notch3 as well as Dner, another Notch family member, and receptors for GDNF, ciliary neurotrophic factor (CNTF), PDGF, epidermal growth factor (EGF), bone morphogenetic protein (BMP), FGF, and WNT. Many of these receptors and ligands were missing in the proteins identified from cells isolated by FACS, possibly due the enzymatic dissociation. We nonetheless confirmed the expression of these signaling molecules in the radial glia by RNA sequencing (RNA-seq) analysis of FACS-sorted GFP-positive and -negative fractions ([Figure S4](#mmc1){ref-type="supplementary-material"}B).

Following the intriguing finding of filopodia on the radial glia, we tested whether they would relay signals identified here in the biotinylated fraction, similarly to results obtained in other cells with filopodia ([@bib56]). We investigated the co-localization of two signaling pathways in the cellular protrusions, Wnt and EGF.

The localization of Wnt signals was examined ([@bib62]) in NSCs co-lipofected with Wnt8a-mcherry and Lyn-GFP. Lipofected cells did reveal a dotty localization of Wnt8a-mCherry ([Figures S5](#mmc1){ref-type="supplementary-material"}B, S5E, S5H, and S5K), also at the edges of the cell soma close to neighboring cells. However, no clear co-localization with filopodial extensions could be identified ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5I). In a second approach, we expressed a GFP-tagged secreted Wnt receptor SFRP1a-GFP in HEK-293 cells and collected the supernatant, then applied it on fixed floating brain sections. As a positive control, lipofected cells with Wnt8a-mCherry did not show a strong specific co-localization of SFRP1a-GFP ([Figures S5](#mmc1){ref-type="supplementary-material"}J--S5L). Cells lipofected with Fyn-RFP to visualize the filopodia did not reveal co-localization of the SFRP1a-GFP ([Figures S5](#mmc1){ref-type="supplementary-material"}J--S5L). We therefore conclude that with the methods used here, filopodial extensions in adult NSCs do not seem to convey Wnt signaling.

The localization of the EGF receptors was probed with an AlexaFluor 488-EGF complex that binds EGF receptor (EGFR) ([@bib53]). Sections with cells lipofected with mtdTomato were incubated with the green fluorescent complex, revealing the localization of EGFR on the radial glia ([Figures S5](#mmc1){ref-type="supplementary-material"}P--S5W). The AlexaFluor 488-EGF complex did not co-localize specifically with filopodial extensions. Hence, potential signals relayed via filopodia to neighboring radial glia remain to be determined in further studies.

As we were looking for signals involved in the regulation of recruitment to the cell cycle, we next focused on pathways differentially regulated in young and old brains.

The IGF Signaling Pathway Diminishes with Age, and the Mitotic Response to IGF2b Becomes Incomplete {#sec2.4}
---------------------------------------------------------------------------------------------------

The differential protein content in young and old surface fractions revealed an enrichment in proteins involved in G~1~/S transition in the young brain, and an enrichment in proteins involved in the P21 (CDKN1A) pathway in the old brain ([Tables S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}), in accordance with previously observed age-related decrease in mitotic activity ([@bib21]). Hierarchical clustering and principal component analysis revealed consistent results between replicates ([Figures 3](#fig3){ref-type="fig"}A and 3B). The proteins up- and downregulated with age were evenly distributed ([Figure 3](#fig3){ref-type="fig"}C). Several components of N-Cadherin signaling were upregulated in young surfaces (N-Cadherin signaling components, p value 6.14 × 10^−3^: DAGLA, CDH2, CDC42, CTNNA1, KIF5B), suggesting that cell-cell interactions might be modified with age. However, other components of this signaling pathway remained unchanged (CTNNB1, CNR1, GRIA2, CTTN, GSN, GJA1).Figure 3Expression Changes with Age in the Ventricular Zone(A) Hierarchical clustering of all proteins in the ventricular zone using normalized log~2~ transformed abundances of three old and three young brain samples (high-abundance proteins colored blue, low-abundance proteins yellow).(B) Principal component analysis of the three samples of old brain and three samples of young brain.(C) Volcano plot analysis: ratios of the means of all protein abundances in the three old compared with the three young brain samples were plotted against the corresponding negative log~10~ transformed p value.

Proteins on the NSCs\' surface and in the lysate revealed a decrease in IGF signaling with age ([Figures 4](#fig4){ref-type="fig"}A and 4B), especially for the receptors IGF1R and insulin receptors. In zebrafish, two *igf1r* genes, *igf1ra* and *igf1rb*, are orthologous to the mammalian Igf1R and play complementary roles during development ([@bib60]). Both were decreased on the surface fraction of aged brains. The insulin receptor InsR-B also declined with age, while the level of InsR-A expression did not change. IGF ligands were not detected in the proteomic analysis, but were detected by RNA *in situ* hybridization ([Figure S6](#mmc1){ref-type="supplementary-material"}), suggesting that they might act as autocrine or paracrine factors, as in mammalian adult neurogenic areas ([@bib9], [@bib43]). Phosphorylated (phospho-)IGF1R expression was visible in immunostainings in the layer of radial glia, as well as in a few closely located cells in the parenchyme in young brains ([Figures 4](#fig4){ref-type="fig"}C--4F and [5](#fig5){ref-type="fig"}A--5D), while in aged brains only a few plasma membrane-localized dots and a weak cytoplasmic expression were visible in the radial glia ([Figures 4](#fig4){ref-type="fig"}G--4J and [5](#fig5){ref-type="fig"}I--5L).Figure 4The IGF Signaling Pathway Declines with Age(A) Hierarchical clustering of the IGF, Insulin, and Akt pathway protein members identified in the surface fraction, revealing the differential expressions in young and old dorsal surface fractions (scale: log~2~ young/old). Insulin receptor B, as well as IGF1 receptors a and b, are downregulated with age, while some other components are upregulated (i.e., MAP2K1 and BRAF).(B) Representation of the signaling pathway with color coding (blue, upregulated young; yellow, upregulated old).(C--J) Phosphorylated IGF1R (P-IGF1R) immunohistochemistry (Tyr1161) on young (5 months, C--F) and old (2 years, G--J) brains as a close-up view on the ventricular surface of the dorsal pallium depicted as single confocal planes. The radial glia somata, located at the border of the ventricle, express P-IGF1R (yellow arrows). We observe the distinct expression levels of P-IGF1R in young and old brains in a total of 4 young and 4 old immunosamples. Scale bar, 10 μm.Figure 5IGF2b Overexpression Activates the IGF1R in Lipofected Cells(A--P) P-IGF1R immunohistochemistry on young (A--H) and old (I--P) brains. The radial glia are labeled by the *gfap*:GFP transgene. Single cells in magenta have been lipofected *in vivo* 4 days prior to brain fixation with mtdTomato (control, A--D and I--L) or with mtdTomato and *igf2b* (IGF2b, E--H and M--P), highlighting primarily the cell soma (the radial process is not always in the plane of the optical section, but it is present below the somata of lipofected cells). We observe the distinct expression levels of P-IGF1R in young control (C and D), young + IGF2b (highest, arrows in G and H), old control (K and L), and old + IGF2b (a few dots, arrows in O and P). Insets in (D), (H), (L), and (P) are close-ups of the lipofected cells; nuclei in blue stained by DAPI. Single confocal planes are displayed. Scale bar, 10 μm.(Q) The mean intensity of the phospho-IGF staining was measured on 7 lipofected cells and their immediate neighbors in each condition. Staining intensities differ significantly between control and *igf2b*-lipofected brains (t test; p = 0.030) in young but not in old brains.

IGF2b was cloned into a 5× UAS plasmid for overexpression by *in vivo* lipofections. Fish were lipofected with a red-labeling plasmid alone or in combination with *igf2b*. Control lipofections with two differently colored plasmids resulted in cells receiving both plasmids in 90% of the cases (27 of 30 cells co-lipofected with plasmids for a green cytoplasmic staining and for a membrane-bound red staining revealed expression of both colors). After 2--4 days, we observed an increased expression of phospho-IGF1R in the cells lipofected with *igf2b* ([Figures 5](#fig5){ref-type="fig"}E--5H, arrows in 5G and 5H) as well as in their neighbors, indicating the expected effect of IGF2b expression. The phospho-IGF1R expression in aged brains, upon either control lipofections ([Figures 5](#fig5){ref-type="fig"}I--5L) or *igf2b* lipofections ([Figures 5](#fig5){ref-type="fig"}M--5P), showed a lower basal expression than in young brains, and IGF2b overexpression was able to induce a few dots of phospho-IGF1R expression (arrows in [Figures 5](#fig5){ref-type="fig"}O and 5P). However, the expression was not as strongly increased as in young brains, in line with the decreased receptor expression with age observed by mass spectrometry. Quantification of the fluorescence confirmed higher expression levels in *igf2b*-lipofected cells compared with control lipofections in young brains, but no significantly detectable change in old brains ([Figure 5](#fig5){ref-type="fig"}Q). We tested another downstream target of IGF2b signaling, phosphorylated Akt (Ser473), which revealed only very low levels of expression ([Figure S7](#mmc1){ref-type="supplementary-material"}).

To test for functional downstream effects of IGF in the adult NSCs, we analyzed the putative proliferative effect 2--5 days after lipofection in 6 independent experiments. Overexpression of IGF2b in young brains (2--4 months old) resulted in a higher proportion of lipofected cells that revealed a recent mitosis, being visible as two neighboring cells immediately abutting each other ([Figures 6](#fig6){ref-type="fig"}A--6H and 6X; [Table S5](#mmc1){ref-type="supplementary-material"}). Even if the cell division response to IGF2b was indeed observed in a higher proportion than in control cells, it did not occur in all transfected cells, suggesting that the cells do not all have the same capacity to respond. Note that in [Figures 5](#fig5){ref-type="fig"}E--5H, the lipofected cell has divided and encompasses two cell bodies, even if the two cells are incompletely covered by the membrane staining. Overexpression of IGF2b in old brains was able to also induce the formation of two nuclei; however the division was incomplete, lacking cytokinesis, and led to the formation of very large cells ([Figures 6](#fig6){ref-type="fig"}I--6P and 6X). More time might be required for old cells to undergo cytokinesis, so we extended the lapse to 5 days, which revealed, however, the same effect of binucleation in old cells ([Figures 6](#fig6){ref-type="fig"}Q--6S and 6W). We also observed that some cells next to the *igf2b*-lipofected cells revealed the same phenotype of binucleated cells, as they might respond in a paracrine manner to IGF ([Figures 6](#fig6){ref-type="fig"}T--6V). The incomplete divisions might be the result of the lowered levels of IGF receptor, and the exact downstream mechanism will require closer examination. Together, our results show that aged cells are not competent to respond and divide properly to an increase of growth signals encountered, hence indicating significant cell-intrinsic alteration in the course of aging.Figure 6Overexpression of IFG2b Induces Complete Cell Division in Young Cells, but Incomplete Division in Old Cells(A--P) Brains were lipofected *in vivo* 4 days prior to fixation with mtdTomato (control, A--D and I--L) or with mtdTomato and *igf2b* (IGF2b, E--H and M--P). Single confocal planes are displayed in the left panels and 3D reconstructions in the rightmost panels (D, H, L, and P). Cell nuclei (Hoechst, gray) and membrane labeling of the lipofected cells (magenta) are shown in (A), (E), (I), and (M). (A--D) Young control lipofected cells reveal infrequent cell division events, while young cells with IGF2b overexpression (E--H) reveal a higher incidence of cell division events, being visible as two neighboring cells immediately abutting each other (E--H, arrows). (M--P) Old control lipofected cells with IGF2b overexpression result in large cells with two nuclei, indicating an incomplete division (arrows in M, N, and P).(Q--W) Brains fixed 5 days after *igf2b* lipofection also reveal binucleated large cells (arrows in Q, R, and W), visible here in two distinct confocal planes (Q--S and T--V). Some neighboring cells reveal the same phenotype (arrowheads in Q, T, and U).(X) Cells having divided after lipofection were quantified in 6 experiments with a total of 69 young-control, 114 young-*igf2b*, 64 old-control, and 71 old-*igf2b* cells. The significance was calculated by a chi-squared test (young, ^∗∗∗^p = 0.7 × 10^−3^; old, ^∗^p = 0.01).Scale bars, 10 μm.

Discussion {#sec3}
==========

With the aim of understanding better how NSCs communicate and organize their cell-cycle entries, we identified the proteins expressed on their surface in young and aged brains. The use of the zebrafish brain, offering direct access to NSCs without preceding dissociation, combined with a biotinylation method, permitted us to obtain the surface proteome of an intact NSC population. From there we showed the presence of apically located filopodial structures and a changing response to IGF with age. Hence, two important aspects are revealed herein: a possible path of intercellular communication via cellular extensions, and cell-intrinsic alterations impacting on the proliferative competence of aging cells.

One of the two biotinylation protocols employed in this study, involving a covalent binding reaction between glycosylated residues and biotin, revealed a strong bias for proteins increased in aged samples, suggesting increased glycosylation patterns with aging. Age-related changes in glycosylation patterns in the brain have previously been reported ([@bib51]), and a closer investigation of these alterations will be important.

The identified proteins in the surface fraction were in accordance with previous findings in the zebrafish or other adult neurogenic systems. For instance, Connexin 43, identified here on the adult radial glia in zebrafish, plays a role in the adult neuroepithelium in mammals ([@bib42]). The representation of exosome components in our study is interesting in the context of their newly described roles in adult neurogenesis ([@bib6]). We also identified Notch3 and Dner, in keeping with the role for the Notch signaling pathway described in previous studies ([@bib4], [@bib15], [@bib22], [@bib33], [@bib38]).

Our study reveals protein members that allow defining an epithelial identity of the adult NSCs, a question that was also addressed by [@bib30], who observed the presence of ZO-1 in those cells. A new feature of the cells described here is the presence of lateral lamellipodial and filopodial extension from the somata of the radial glia. The filopodial extensions are contacting neighboring cells further than the next neighbor (up to the fourth, most frequently the second), an aspect that might be important for cell-to-cell communication over several cell distances. Filopodia can convey signals in developing tissues ([@bib56]), such as Wnt signals ([@bib62]) or Notch signals ([@bib16]). Such signals remain to be identified in these adult cells, and could possibly be involved in coordinating the cell-cycle activity. A feedback signaling between cycling cells and their neighbors has been proposed previously in this system via the Notch signaling pathway ([@bib15]).

The activity of the insulin and IGF signaling pathway is important in several developmental and regenerating systems and shows multiple effects at distinct ages. These pathways are generally associated with nutrient sensing, growth, and metabolism, and play important roles in the homeostasis of NSCs ([@bib57], [@bib69]). IGF signaling induces proliferation and regulates the length of the cell cycle ([@bib32], [@bib48], [@bib52], [@bib54], [@bib68]), in some instances acting in combination with other growth factors, such as the EGFR ([@bib2]). With age, systemic and brain levels of IGF ligands are reduced ([@bib57], [@bib61]). These properties suggest that a maintained IGF pathway would be advantageous for counteracting an age-related proliferative decline. Indeed, infusion of IGF could restore higher levels of proliferation and neurogenesis in aged rats ([@bib44]). In contrast, most of the current literature suggests that inhibition of this pathway is beneficial for animals\' longevity ([@bib35], [@bib46]), an effect also being observed in dwarf mutant mice ([@bib63]). For instance, neurogenesis is maintained longer when IGF1R is conditionally deleted in the hypothalamus ([@bib14]) and SVZ ([@bib13]). Our results add a new aspect, as they show that NSCs lose their responsiveness to the IGF pathway with age. The reduction takes place both at the level of expression of the receptors and at the level of the proliferative response, remaining incomplete in old brains. Hence, we identify a cell-intrinsic change that might represent a protective response of cells. Collectively these observations lead to the concept that declining levels of neurogenesis with age could be, as opposed to a deficit, an actual benefit linked with healthy aging, whereby cells reduce at the same time their proliferative and general metabolic activity (see [@bib31]). Thus, some of the changes observed with age might be the ones that promote longevity.

We have previously shown that aged radial glia are activated in lower percentage by an injury protocol than are young cells ([@bib21]). Together with the results presented here, this indicates significant cell-intrinsic changes with age. It will be fundamental in the future to understand the respective contributions of cell-intrinsic changes and signals received from the neighborhood in order to understand under which conditions manipulations to rejuvenate aging tissue can be successful.

Experimental Procedures {#sec4}
=======================

See [Supplemental Information](#mmc1){ref-type="supplementary-material"} for details of all experimental procedures.

Animal Maintenance {#sec4.1}
------------------

Zebrafish were bred and maintained in the animal facility of the Helmholtz Zentrum München. Wild-type zebrafish (AB) or the transgenic line *gfap*:GFP ([@bib8]) (mi2001) in the AB background were used. Animal experiments were conducted in accordance with the laws of the government of Oberbayern (animal protocol 55.2-1-54-2531-83-14).

Further information and requests for resources and reagents should be directed to and will be fulfilled by P.C. (<chapouton@helmholtz-muenchen.de>).
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